Time-resolved pump-probe spectra of 1,1Ј,3,3,3Ј,3Ј-hexamethyl-4,4Ј,5,5Ј-dibenzo-2,2Ј-indotricarbocyanine ͑HDITC͒, a cyanine dye, in ethylene glycol are obtained using 11 fs and 90 fs duration pulses and analyzed in order to study its potential energy surfaces and vibrational dynamics. Ten oscillatory frequencies ranging from 30 cm Ϫ1 to 1400 cm Ϫ1 are observed in the 11 fs duration wavelength-resolved pump-probe measurements. They are assigned as fundamental vibrational frequencies of HDITC. The relative displacements of the equilibrium position between electronic excited and ground states along the resolved ten vibrational modes are determined through the wavelength dependence of the oscillatory amplitude. After considering the contributions of the ten vibrational modes, it is found that most of the Stokes shift and the early fast decays of the pump-probe signals are due to relaxation along the low frequency overdamped modes of the chromophore. The overdamped modes are characterized by the 90 fs pump-probe signals with the excitation at the red edge of the absorption band.
I. INTRODUCTION
The study of molecular dynamics in solutions and other amorphous systems is complicated by the broad bathinduced spectral linewidth and congested vibronic transitions. Recent progress in the development of solid-state femtosecond laser systems has substantially accelerated the study of ultrafast solvation dynamics. Nevertheless, a femtosecond pulse can induce multiple molecular vibronic transitions within the pulse spectral width, typically to hundreds of wave numbers. The experimental spectroscopic data thus obtained include the contributions not only from the intermolecular solvent-solute interactions but also from the intramolecular dynamics. In order to properly extract the dynamical parameters relevant to solvation, information about optically active vibronic modes of the chromophore is essential. Omitting consideration of such chromophore vibronic transitions can make an interpretation of time-resolved experimental data ambiguous and often times impossible.
1,2 It is therefore the main purpose of this paper to obtain the vibronic information of polyatomic molecules in solutions that is not available by the conventional methods. In 1986, Tang's group first observed quantum beats of large dye molecules in solutions, using the femtosecond transmission correlation technique. 3 They demonstrated that these quantum beats were due to interferences between coherently excited vibrational levels with the beat frequencies corresponding to the energy spacings between the vibrational levels. [4] [5] [6] Despite the large homogeneous and/or inhomogeneous broadening of the electronic transitions in solutions, the pump-probe ͑PP͒ measurements using a short pulse were able to resolve the underlying vibrational frequencies of the chromophore. On the other hand, Pollard et al. applied wave packet theory to describe the spectral evolution of quantum beats. 7, 8 In the framework of this theory, the pump beam generates nonstationary wave packets in the electronic excited state potential surface as well as ground state surface of the chromophore. The time evolution of these wave packets is governed by the vibronic Hamiltonian of the system. Subsequently, the probe beam interrogates the nonstationary wave packets at delay time . The pump-induced dynamics absorption/emission as a function of delay time and probe wavelength reflects the temporal and spatial evolution of a͒ Author to whom correspondence should be addressed. Electronic mail: tyan@po.iams.sinica.edu.tw b͒ Also at Department of Chemistry and Biochemistry, Arizona State University, Tempe, Arizona 85287-1604.
these wave packets on the respective potential surfaces. Therefore, dynamic absorption spectra can potentially be inverted into vibronic potential energy surfaces on which these nonstationary states propagate. Generally speaking, the femtosecond pump-probe technique has three major advantages over resonance Raman scattering in studying molecular vibronic structures and dynamics: ͑1͒ In the case of molecules that are highly fluorescent and exhibit a small Stokes shift, resonance Raman signals are overwhelmed by the fluorescence. In contrast, the interference of fluorescence can be avoided in pump-probe measurements with the directionality of the pump-probe signal. ͑2͒ While it is difficult to detect low frequency modes with Raman scattering due to strong scattering of the excitation beam, the low frequency modes can be easily studied by pump-probe as long as they are covered within the laser power spectral width. ͑3͒ As a pure time domain technique PP enables direct observation of vibronic dynamics.
In the present study, we applied the aforementioned ideas to explore the nature of the potential surfaces of 1,1Ј3,3,3Ј,3Ј-hexamethyl-4,4Ј,5,5Ј-dibenzo-2,2Ј-indotricarbocyanine ͑HDITC͒, a cyanine dye, in ethylene glycol solution. The ultrafast dynamics of HDITC and a similar dye HITC solutions have been studied previously. [9] [10] [11] [12] [13] [14] Information concerning the vibronic structures of these two molecules is, however, very limited since these dye molecules exhibit very strong fluorescence in the concerned energy range. We performed wavelength-resolved pump-probe ͑WRPP͒ measurements on HDITC with a time resolution of 11 fs. The pulses were centered at 799 nm and had a spectral width FWHM of 86 nm that allowed for an observation of vibrational frequencies up to 1400 cm
Ϫ1
. Furthermore, 90 fs pulses with a spectral width of 10 nm were employed for studying local structures on the potential surfaces. The shorter time resolution would warrant higher energy resolution. The 90 fs degenerate pump-probe ͑DPP͒ measurements on the red edge of the absorption spectrum made it possible to determine the contributions that originate from overdamped low frequency vibrational modes. These two experiments together provide more comprehensive insight into the molecular vibronic structure and dynamics. Such detailed vibronic information is essential in the analysis of photon echo experiments for the study of electronic dynamics.
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II. EXPERIMENT
The experimental setup for pump-probe measurements has been described in detail elsewhere. 16, 10 Briefly, the 11 fs pulses were generated by a homebuilt Kerr lens mode locked Ti:sapphire laser pumped by a 5W CW argon ion laser. The pulses centered at 800 nm with a repetition rate of 85 MHz, ϳ15 fs autocorrelation time, and power spectrum of FWHM of 86 nm ͑see Fig. 1͒ . The 90 fs pulses in the wavelength range of 780-860 nm were obtained from an argon ion laser ͑Coherent, Innova 200͒ pumped Ti:sapphire laser ͑Coherent Mira 900͒ with a repetition rate of 76 MHz and autocorrelation time of ϳ120 fs.
The sample of HDITC dye ͑Exciton͒ in ethylene glycol was pumped through a nozzle, forming a jet of a thickness of 100 m. The optical density of the jet at 780 nm was maintained at 0.3 or less. The pump energy at the sample was approximately 1-2 nJ while the probe energy was 10-20 times lower. In the 11 fs WRPP experiments, the probe beam was dispersed using a spectrometer, the intensity of the selected wavelength component was then detected by a photomultiplier ͑Hamamatsu R928͒. The signal was processed by a digital lock-in amplifier ͑SRS-850͒ referenced to a chopper modulating the pump beam. For the 90 fs DPP experiments, the whole probe intensity was detected by a photodiode whose output was also processed by a lock-in amplifier.
III. THEORY
In a pump-probe measurement, the system is subjected to two pulses, the pump pulse and the time-delayed probe pulse. Basically, one detects the difference of the probe beam absorption in the presence and in the absence of the pump beam. In the present study, two theoretical methods are used to analyze the pump-probe signals. The first method is mainly to derive the molecular vibronic structures. For this purpose, the pump-probe signal is expressed in terms of the third order polarization in the weak field limit. The cumulant expansion is employed to reduce the three-time correlation functions in the third order polarization into products of onetime correlation functions as the vibrational population relaxation is assumed to be either negligible or extremely fast within the experimental time scale. 17, 18 The simple form of the one-time correlation function of a harmonic oscillator is then used to calculate the multiple vibrational coherences induced by the 11 fs pulses. The second method is based on generalized linear response theory, which is applicable to the case wherein the pump and probe pulses are well separated. This method explicitly treats both vibrational coherence decay as well as vibrational population relaxation. A complete Liouville equation is solved to study the spectral features caused by vibrational population relaxation. Due to the complexity in calculations, it is applied only to the 90 fs DPP measurements, where only one vibrational coherence is observed. FIG . 1. The experimental 11 fs pulse. The overlay of the 11 fs pulse power spectrum with the absorption spectrum of HDITC/EG. Solid line, the absorption spectrum; dashed line, the power spectrum of the laser pulse. The inset is the Fourier temporal amplitude of the square root of the pulse power spectrum, which is used as the electric field of the pulse.
A. Pump-probe signal in terms of the time correlation functions
In an isotropic medium, the integrated difference probe intensity, S(⍀ 1 ,⍀ 2 ,), written in terms of lowest order nonzero material polarization, takes the form 19, 20 
where ⍀ 1 and ⍀ 2 are the center frequencies of the pump and the probe pulses, respectively, is the time delay of the probe pulse relative to the pump pulse, E 2 *(tϪ) denotes the complex conjugated probe field, and P k 2 (3) (t,) represents the material third order polarization with wave vector k 2 . In the case of degenerate, ⍀ 1 equals ⍀ 2 . In the following discussion, for convenience, we shall omit the ⍀ 1 and ⍀ 2 notations.
A pulse of a few tens of femtoseconds duration has a spectral bandwidth of several tens of nanometers. The difference probe intensity is then the frequency integrated differential probe intensity SЈ(,), which has nontrivial values over the probe spectral width. That is
Experimentally, the differential probe intensity SЈ(,) can be obtained by dispersing the difference probe intensity S() through a monochromator and detecting the signal at frequency with spectral resolution d. Writing the components of the integral in Eq. ͑1͒ in terms of their Fourier components and comparing with Eq. ͑2͒, we obtain
The system under investigation consists of two electronic states separated by electronic 0-0 energy eg . The system Hamiltonian under the Born-Oppenheimer approximation can be separated into electronic and nuclear parts. The electronic broadening function, for simplicity, can further be partitioned into inhomogeneous and homogeneous contributions. The inhomogeneous broadening is treated by integrating a distribution, G( eg ), around a mean value c , while the homogeneous broadening function is represented by H(t). When pump and probe pulses are temporally well separated, the material third order polarization can be written as 8, 19 The material nuclear response functions R n (t 3 ,t 2 ,t 1 ) are governed by the nuclear Hamiltonians of the electronic excited and ground states, h e and h g , respectively. When the two nuclear Hamiltonians take similar forms, the evolution of the material response can be written in terms of h g and the difference Hamiltonian, h e Ϫh g . 21 Performing the cumulant expansion of the difference Hamiltonian to second order, we obtain 22 R 1 ͑ t 3 ,t 2 ,t 1 ͒ϭexp͕Ϫg*͑ t 3 ͒Ϫg͑ t 1 ͒Ϫ f ϩ ͑ t 1 ϩt 2 ϩt 3 ͖͒, R 2 ͑ t 3 ,t 2 ,t 1 ͒ϭexp͕Ϫg*͑ t 3 ͒Ϫg*͑ t 1 ͒ϩ f ϩ *͑t 1 ϩt 2 ϩt 3 ͖͒, ͑6͒ R 3 ͑ t 3 ,t 2 ,t 1 ͒ϭexp͕Ϫg͑ t 3 ͒Ϫg*͑ t 1 ͒ϩ f Ϫ *͑t 1 ϩt 2 ϩt 3 ͖͒,
The line shape function, g(t), includes contributions from a variety of nuclear dynamics. It is assumed in this subsection that the vibrational motions which give rise to quantum beats in the pump-probe signals undergo frictionless harmonic oscillations with finite coherence times 1/␥ i . In other words, the molecular vibrational energy is conserved whereas the vibrational phase is interrupted. The corresponding line shape function is expressed as
where S i ϭ⌬ i 2 /2 and ͗n i ͘ϭ1/(e
Here S i is the Huang-Rhys factor, ⌬ i denotes the dimensionless displacement of the equilibrium position between the two electronic states, and ͗n i ͘ is the thermal occupation number of the ith vibrational mode. The latter term accounts for initial thermal distribution in the calculations of the response functions. The contributions of overtone and combination bands to the response functions are included in the exponential functions of g h (t) as can be clearly seen by Taylor expansion. In addition to the quantum beats, femtosecond pump-probe signals often times contain a nonoscillatory background. Overdamped vibrational motions which are completely damped in less than one oscillatory cycle can contribute to the magnitude of this offset. The line shape function of an overdamped mode, g o (t), at arbitrary temperature can be written as 22, 23 
where real and imaginary components are given by
Here is the reorganization energy of the overdamped mode and ⌳ represents the inverse time scale of vibrational relaxation. Under similar approximations, the linear absorption and fluorescence cross sections can be calculated as 24, 20 
͑13͒
One of the purposes in the theoretical treatment described so far is to relate the intensities of the quantum beats observed in WRPP signals to the dimensionless potential displacements, ⌬ i . For simplicity, the vibrational population relaxation has been disregarded. The effects of vibrational population relaxation on the signals are considered in the next subsection.
B. Pump-probe signal by the generalized linear response theory
In the following, the theoretical model applied to the analysis of the 90 fs pump-probe results is explained. When the pump and probe pulses induce no more than two vibrational coherences, it is more convenient to use a vibrational energy level representation instead of a coordinate space representation. 25 According to the adiabatic approximation, the state space can be constructed by two manifolds ͕ev͖ and ͕gu͖ where e and g represent the upper and lower electronic states, respectively, while v and u denote the vibrational quantum numbers. Initially, the molecules are in thermal equilibrium with respect to the vibronic manifold ͕gu͖. In a pump-probe experiment, the pump beam excites the molecules so that part of the population is transferred from ͕gu͖ to ͕ev͖. A delayed probe beam interacting with the ensemble will now experience an absorption rate which differs from that in the absence of the pump by S(). That is,
.
͑14͒
The material polarization P(t,) can be expressed in the Condon approximation as
where ͗v͉u͘ is the square-root of the Franck-Condon factor and gu,ev (t,) is the density matrix element. The polarization P(t,) can be obtained by solving the Liouville equation,
where L governs the evolution of the molecule in the absence of electric field, and Ĥ Ј represents the interaction between the molecule and the electric field,
where
The rotating wave approximation has been used so that the carrier wave exp(Ϫi⍀t) is removed. The damping operator, ⌫ , describes the population relaxation and dephasing resulting from interactions of the molecule with its heat bath. As the molecules undergo small amplitude motions, the systembath interaction, V , can be expanded around the molecular equilibrium position to second order, resulting in [26] [27] [28] V ϭ ͚ 
The rate constant for vibronic population decay is given by
Rate constants for vibrational population transitions from evϩ1 to ev and from evϪ1 to ev are represented by
and
respectively. Here the magnitude of ␥ 1→0 (e) is determined by the spectral density of F
(1) (q) ͑Refs. 26-28͒ and ␥ ee is the inverse of the electronic lifetime. The rate constant for loss of vibrational coherence depends on population relaxation and pure dephasing,
Furthermore, the rate constant of pure dephasing ⌫ ev,ev Ј d has the form of
where ␥ d (e) is determined by the spectral density of F (2) (q). [26] [27] [28] The rates of coherence transfer from ev ϩ1↔evЈϩ1 to ev↔evЈ and from evϪ1↔evЈϪ1 to ev↔evЈ are given by
respectively. The equations of motion for gu,gu Ј and gu,ev can be written analogously. Among the processes described so far, the coherence transfer terms are very interesting, [29] [30] [31] [32] [33] [34] since they challenge the conventional description of vibrational and electronic relaxation based on the optical Bloch equations. The generalization of these equations to the multimode case is straightforward. The relaxation rate constants are then given by the sum over all vibrational degrees of freedom.
In principle, the third order perturbation method can be used to find the states prepared by the pump field E 1 (t) as well as the stimulated emission and induced absorption due to the probe field E 2 (t). This approach involves time integration which, if calculated analytically, will lead to a third order response independent of the intensities of the fields. Nevertheless, in order to simulate the realistic experiment, both the pump and probe pulse envelopes are approximated as Gaussian according to A i exp(Ϫ4 ln 2 * t 2 / p 2 ). Analytical calculations of the time integration are difficult for Gaussian functions. Therefore we solve Eq. ͑16͒ completely by the numerical method for each delay . The amplitude of the probe field in this numerical calculation has to be set much smaller than that of the pump field to avoid the contributions from higher order ͑larger than third order͒ terms. The resulting gu,ev (t,) is used to calculate the dynamic spectrum S() via Eq. ͑15͒ and Eq. ͑14͒.
IV. EXPERIMENTAL RESULTS AND NUMERICAL ANALYSIS
A. 11 fs pulse duration WRPP spectra Figure 1 shows a comparison of the power spectrum of the 11 fs laser pulse with the absorption spectrum of HDITC dye in ethylene glycol. The experimental power spectrum is not corrected for spectral sensitivity of our detection system. It exhibits a spectral FWHM of 86 nm. The inset shows the Fourier temporal amplitude of the square root of the pulse power spectrum. This profile is used in the numerical calculations as the temporal envelope of the electrical field of the laser pulse. Figure 2 shows a set of WRPP spectra in the range of 705-855 nm obtained with 11 fs duration pulses. Each signal contains a small oscillatory component superimposed on a large offset. The latter represents an overall transient bleach/ stimulated emission. All signals have been scaled to match the offsets in the several picosecond time region so that the ratios of the oscillatory amplitudes relative to the offsets can be directly compared. As is clearly seen, the oscillatory frequencies as well as the ratios of the oscillatory amplitudes to the offsets are higher at both ends of the probe wavelength components than at the center. The ratios at the red side of the probe spectrum appear even higher than those at the blue side. All findings are consistent with the predictions of the wave packet picture developed by Pollard et al. 8 It was pointed out that the strongest oscillations are expected at the inflection points of the linear absorption spectrum where the slope is greatest. In parallel, the weakest modulation is expected around the maximum of the linear spectrum, where the slope becomes zero. The offsets can be fitted by two exponentials with a fast time constant of about 200 fs and a slow time constant of about a few tens of picoseconds. Figure 3 displays the Fourier power spectra of the data after subtraction of the nonoscillatory background. Each Fourier power spectrum is then plotted between 30 cm Ϫ1 and 1400 cm Ϫ1 with normalization respect to the highest peak in this region. The spectral width of the laser pulse allows observing vibrational frequencies up to 1400 cm
Ϫ1
; any features below 30 cm Ϫ1 are not reliable since the WRPP signals were only recorded up to 1.8 ps pump-probe delay. In the 765-795 nm wavelength range, the spectra are dominated by the peaks of 135 and 296 cm
. The high frequency modes become increasingly important toward the red and blue edges of the laser power spectrum. Again, these oscillatory components result from nonstationary states that evolve on the ground and/or excited electronic surfaces. The turning points of these wave packets determine the upper and lower limits of the electronic energy gap and, thus, the wavelength range in which wave packet dynamics can be observed in the dynamic spectrum. These turning points, in turn, are given by the properties of the potential energy functions involved in the optical transition, namely their relative displacements and their force constants. The potentials of high frequency modes are much steeper than those of low frequency modes. As a result, high frequency oscillations can be observed over a wider spectral range. In addition, this spectral range increases with increasing relative potential displacement. In other words, relative potential displacements can be obtained by studying the wavelength dependence of oscillatory amplitudes in WRPP spectra.
In addition to Fourier transformation, the amplitudes, frequencies, absolute phase angles, and decay rates of all oscillatory components are computed from the data by linear prediction singular value decomposition analysis. Such an analysis assumes that the experimental data can be represented by a sum of exponentially damped cosinusoids,
The wavelength-averaged frequencies as well as their decay time constants of all vibrational coherences are listed in Table I . The frequency of a vibrational quantum beat corresponds to the energy spacing between two vibrational levels. As will be demonstrated in the Discussion, all ten resolved frequencies are assigned to fundamental vibrational frequencies of the chromophore. Previous work on these types of dyes has concluded that only the first excited and ground electronic states are significantly involved in the pumpprobe measurements in the ps time scale. 10 The relative displacements of the excited potential surface to the ground potential surface along the corresponding vibrational coordinates and all other electronic parameters are first estimated by simultaneously fitting the WRPP spectra and the absorption spectrum. The fourfold integration for P (3) (,) in Eq. ͑3͒, including the threefold integrals of P (3) (t,) in Eq. ͑4͒ plus Fourier transformation of P (3) (t,) over t, are calculated numerically using a Monte Carlo integration algorithm. 35 The precision is set at 1%. Studies of the electronic dynamics in solution at room temperature 36 measuring peak-shifts of the three pulse photon echo signals established that the electronic dephasing dynamics observed within 5 ps can be roughly separated into two time scales. The fast motions relax within 1 ps while the slow motions persist longer than 5 ps. In the present case, the time window of the observation is 2 ps. For simplicity, we partition the electronic line broadening into two limiting cases, inhomogeneous and homogeneous contributions. The dynamics slower than 2 ps are attributed to the Gaussian inhomogeneous width and the dynamics faster than 2 ps is described by a simple exponential decay function e Ϫ␥ e . The resulting 13 parameters, including the electronic 0-0 energy, ␥ e , an inhomogeneous width, and 10 vibrational displacement, are fitted to simultaneously reproduce the absorption spectrum and 13 wavelengthresolved pump-probe transients from 725 nm to 855 nm. The calculated signal intensities of the spectra in the wavelength range between 705 nm and 715 nm are too small to converge properly and hence not used.
In order to determine the potential displacements, knowledge about the absolute signal intensities of the WRPP transients is necessary. However, the set of experimental data suffices to determine the relative magnitudes of the displacements along the 10 vibrational coordinates. The ratios ⌬͑͒/ ⌬ ͑135 cm 
B. Linear spectra
The experimentally measured fluorescence and absorption cross sections of HDITC in ethylene glycol are shown in Fig. 4 . The fluorescence cross section is obtained with excitation at 633 nm. The calculations of these cross sections using Eq. ͑12͒ and Eq. ͑13͒ and the ten vibrational modes suggest that the peak positions are determined exclusively by the displacement of the 135 cm Ϫ1 mode. The displacements of all other modes are small compared to that of the 135 cm Ϫ1 mode and only give rise to a broadening of the spectra. Therefore, the experimental Stokes shift of 480 cm Ϫ1 ͑i.e., the difference between absorption and fluorescence maxima͒ sets an upper limit of ⌬ϭ1.9 for the displacement of the 135 cm Ϫ1 mode. We further find that if the displacement of the 135 cm Ϫ1 mode is larger than 1, the displacements of the higher frequency modes determined relative to it through the WRPP spectra would be too big resulting in overestimated intensity on the blue side of absorption maximum. The displacement of the 135 cm Ϫ1 mode should hence be less than 1.
C. 90 fs DPP signals measured on the red side of the absorption band
The analysis of the Stokes shift and the WRPP spectra using the ten vibrational modes indicates that the Stokes shift induced by the energy relaxation in the 135 cm Ϫ1 mode only accounts for less than 30% of the experimental value. The residual red-shift may be due to solvent/solute interactions and/or overdamped vibrational modes with frequencies smaller than 135 cm
Ϫ1
. Contributions from modes with the frequencies higher than 1400 cm Ϫ1 are ruled out since their displacements are small so that they give rise to spectral broadening and influence only the positions and intensities of the shoulders.
In previous work on the solvent dependence of the Stokes shift of HDITC and of a similar dye HITC, 9,10 the Stokes shift is found independent of solvent polarity as suggested by the plot of the former vs the latter. The Stokes shift induced by the solvent polarizability [37] [38] [39] should also be considered. Again, in our case the differences of the Stokes shifts over the wide range of solvent polarizability to the interpolated value at OLM parameterϭ0 ͑i.e., no polarizability effect͒ 10 are less than 50 cm Ϫ1 , 10 smaller than the experimental error bars. This indicates that the Stokes shift induced by interactions with the solvent polarizability is very small compared to the total Stokes shift. The other possible solvent-induced Stokes shift is due to a difference in short range interaction potential between the electronic ground and excited states. 39 This kind of solvation is expected to be very fast at room temperature and the relaxation time linearly proportional to the solvent viscosity. However, the plot of the fast decay rate of the pump-probe signal of the similar dye HITC vs solvent viscosity does not reflect this linear relationship. 10 We conclude that the Stokes shift induced by solvent polarity, solvent polarizability, and the short range interaction potential is minor in this molecule. For the first approximation, we assume it to be zero and the residual 70% of the experimental Stokes shift should be due to overdamped low-frequency modes.
Regardless of the exact nature of the shoulder which appear in linear absorption and emission, the WRPP spectra recorded with a time resolution of 11 fs contain contributions which originate from direct excitation of this feature. To avoid this complication and to simplify the analysis, DPP measurements with a time resolution of 90 fs are carried out. These experiments are designed to further explore the presence of low-frequency overdamped modes that may be partially hidden in the offsets observed in the high time resolution transients. The 90 fs pulses have a spectral bandwidth of about 10 nm and excite the molecules exclusively at the red edge of the absorption band, thereby eliminating the possibility of a direct excitation of the absorption shoulder. In addition, overdamped low-frequency modes dominate the red edge of the electronic resonance. Finally, the limited spectral width precludes a preparation of vibrational coher- , and ϭ140 cm Ϫ1 and ⌳ϭ20 cm Ϫ1 for an effective overdamped mode.
ences with frequencies higher than 135 cm
. The numerical calculations of these experiments fully incorporate vibrational dephasings and population relaxations according to Sec. III B. Due to limited computational resources, the calculations are restricted to two chromophore vibrational degrees of freedom. Figure 5 shows the DPP spectra obtained using 90 fs pulses for excitations between 780 and 860 nm. The curves are normalized by the coherence spike in order to compare the offsets. The oscillations due to coherent excitation of the 135 cm Ϫ1 mode can now be observed for even up to 850 nm. This is in contrast to the high time resolution data where the 135 cm Ϫ1 coherence vanishes for the wavelengths longer than 835 nm. This suggests that the multimode excitation and mode couplings play an important role. The spectrum obtained with 860 nm excitation shows a fast decay component but no clear oscillations. All offsets can be described by two exponentials. Similar to the data taken with 11 fs pulses, the time constants are about 200 fs and several ps, respectively. The decay time constants of the oscillations are about 400 fs.
The ratio between the fast relaxation time constant and the dephasing time constant of the 135 cm Ϫ1 mode is close to 1/2. One might therefore suspect that the vibrational dephasing of the 135 cm Ϫ1 mode is dictated by the vibrational population relaxation, if the latter is responsible for the fast exponential decay of the incoherent background. Accordingly, the DPP signal is calculated using the theory described in Sec. III B. Two vibrational modes with the lowest frequencies, viz, 135 and 296 cm Ϫ1 , are used in the calculations with their displacements chosen as 0.9 and 0.5, respectively. The probe intensity is set to one-twentieth of the pump intensity, similar to the experimental condition. The temperature is fixed at 300 K. ␥ 1→0 (e,g) , the vibrational relaxation rate of ϭ1→ϭ0, is chosen to be the inverse of 200 fs for the 135 cm Ϫ1 mode and of 400 fs for the 296 cm Ϫ1 mode while the pure dephasing rate constant ␥ d (e,g) is assigned 0. The result is plotted in Fig. 6 . Surprisingly, the offset does not appear to decline even though the population relaxation times occur on a subpicosecond time scale. The decay of the offset is influenced by the population relaxation and Franck-Condon factors. Several levels of the 135 cm Ϫ1 mode on both ground and excited potential surfaces are populated upon excitation due to the initial thermal distribution of the 135 cm Ϫ1 mode on the ground electronic state and 10 nm spectral bandwidth of the pulses. When the population relaxes to lower vibrational states and since the lower vibrational states have higher Franck-Condon factors at the probe wavelength region than the higher vibrational states, the offset actually increases! It is thus concluded that the fast decay does not arise from the population relaxation of the 135 cm Ϫ1 mode. The utlrafast decay is, therefore, assigned to population relaxation within the vibrational manifold of overdamped modes.
The properties of the overdamped modes in the current case can be examined by considering the ratio of the oscillatory amplitude to the offset. The oscillations in the PP signals result from the interference between the adjacent vibrational levels that are coherently excited by the laser pulse, while the offsets are due to the population change induced by the pump process. Excitation of an underdamped vibrational mode whose frequency falls within the laser spectral bandwidth gives rise to both the oscillations as well as the offset. The ratio between the two is connected to the magnitude of the relative displacement of the excited and ground potential surfaces along the pertinent vibrational coordinate. On the other hand, overdamped vibrational modes and the modes that can be excited but with frequencies larger than the pulse power spectral width contribute only to the offset. Therefore the ratio of the oscillation amplitude to the offset provides some hints on the relative displacement of the low frequency underdamped modes and the relative dominance of the former over the overdamped and high frequency modes.
The influence of overdamped motions has been ad- dressed in the calculations of Eq. ͑1͒ for the 90 fs DPP signals by adding a strongly overdamped component to the 10 underdamped vibrational modes. The electronic 0-0 energy is chosen to be the frequency located halfway between the absorption and fluorescence maxima, i.e., at 12 465 cm Ϫ1 . Three parameters, including and ⌳ in the correlation function of the overdamped mode ͓see Eq. ͑11͔͒ as well as the potential displacement of the 135 cm Ϫ1 mode, are adjusted to simultaneously fit the Stokes shift, the time constant of the fast decay of the offset, and the ratio for the amplitudes of the oscillation and the fast decay of the offset. The value of ⌳ is constrained by the criteria for a strongly overdamped mode ͑i.e., ⌳ϭ 2 /␥, ␥ӷ2, Ͻ135cm
͒. The displacements of the nine other vibrational modes are scaled relative to that of the 135 cm Ϫ1 mode through the ratios determined earlier. The two remaining parameters, i.e., the width of the Gaussian inhomogeneous distribution of the electronic energy and the electronic dephasing rate, are adjusted to fit the absorption bandwidth. The calculations yield ⌬ 135 ϭ0.9, ϭ140 cm Ϫ1 , ⌳ϭ20 cm Ϫ1 , a Gaussian inhomogeneous width FWHM of 330 cm
, and an electronic dephasing rate of 20 cm
. The displacements of all other vibrational modes follow directly from ⌬ 135 and are listed in Table I .
Figures 7͑a͒ and 7͑b͒ display the overlay of the experimental and calculated DPP spectra of 810 and 780 nm, respectively. It can be seen in both plots that when the calculated oscillatory amplitude is scaled to match the experimental one, the calculated offset simultaneously matches the magnitude of the experimental offset. These results imply that the full intensity of the offset can be accounted for by the ten vibrational modes and an effective overdamped mode and that the contributions from all other modes are negligible. The predicted spectra in the range of 830-790 nm also match the experimental ones. Convergence for wavelengths longer than 840 nm are difficult to achieve in a reasonable time.
The experimental absorption and fluorescence cross sections are compared to the calculated ones in Fig. 4 . The calculations reproduce the experimental spectra in the peak region very well. The deviation at the shoulder is supposedly due to the lack of information about the vibrational modes with frequency higher than 1400 cm Ϫ1 . Figure 8 shows the Fourier power spectra of the calculated pump-probe transients using the parameters determined in the last subsection. Each spectrum in Fig. 8 is normalized relative to the most intense peak. It can be seen that the calculated spectra reproduce the general features of the experimental spectra in Fig. 3 . The low frequency modes are most dominant near the center wavelength components while the high frequency modes are most prominent at both sides.
D. Calculated 11 fs WRPP spectra
Only slight differences between the experiment and the calculations can be noticed in the probe wavelength dependence of the low frequency modes. The calculated 135 and 296 cm Ϫ1 peaks decrease slightly slower on the red side but faster on the blue side of the probe wavelength components as compared to the experiment. During the fitting, it is found that the calculated relative intensities are very sensitive to the pulse temporal shape. When a Gaussian pulse of 11 fs duration FWHM was used in the calculations, 40 the low frequency modes had excessive intensity on either side of the probe power spectrum whereas the high frequency modes were somewhat too intense near the center. Nevertheless, the pulse temporal profile shown in the insert of Fig. 1 has broader edges than a Gaussian function. This broad feature tends to reduce the intensities of low frequency modes on the both sides and those of high frequency modes near the center wavelength. Since the pulse power spectrum shown in Fig.  1͑a͒ is not corrected for the instrument spectral response, it may deviate slightly from the pulse power spectrum relevant to the experiments. The phase information of the laser pulses is also not available. In addition, due to the large number in the density of states, mode couplings are particularly effective in the high energy levels, which absorb in the red. The singular value decomposition analysis of the 11 fs WRPP spectra also reveals a decreasing dephasing time of the low frequency modes toward the red wavelengths. This behavior provides further support for the idea that mode couplings and/or anharmonicities of the low frequency vibrations give rise to discrepancies especially in the red.
The calculated WRPP spectra of 815 and 785 nm along with the experimental ones are plotted in Fig. 9 . The calculated phase angles and amplitudes of oscillations, and the decays and the magnitudes of the offsets of 785 and 815 nm spectra are in good agreement with the experimental data.
Finally, the stick absorption spectrum of 10 resolved vibrational modes is calculated using electronic 0-0 energy of 12 465 cm Ϫ1 and the potential displacements given in Table  I . It is then shifted by 140 cm Ϫ1 of the estimated frequency shift due to the overdamped modes and compared with broadened and experimental absorption spectra in Fig. 10 . This figure illustrates a major purpose of this paper, that is, to obtain the the vibronic transition structures of the chromophore underlying the broad absorption spectrum.
V. DISCUSSION
A. 11 fs resolved vibrational frequencies
WRPP measurements on HDITC with a time resolution of 11 fs recover 10 oscillatory frequencies ranging from 30 to 1400 cm
Ϫ1
. Notably, the three lowest frequencies of 135, 297, and 396 cm Ϫ1 have not been observed before in frequency domain Raman scattering. The high time resolution data also allow detailed investigation of the potential energy surfaces involved in the optical resonance of this chromophore. Since this type of dye molecule exhibits strong fluorescence with a relatively small Stokes shift, only postresonant Raman scattering data were available previously. 41 We have assumed in the data analysis that the 10 resolved oscillatory frequencies in the WRPP spectra are the vibration fundamentals for both the electronic excited as well as ground states. Such an assignment is based on the following arguments. For instance, 730 cm Ϫ1 might be the combination band of the 297 and 436 cm Ϫ1 modes. This possibility is ruled out because the dephasing rate of 730 cm Ϫ1 coherence is found to be lower than those of the two low frequency coherences ͑see Table I͒. An alternative assignment for 135, 297, 396, and 526 cm Ϫ1 is that they could be the progression of the 135 cm Ϫ1 mode. However it is noted that the vibrational dephasing rates decrease with the increase of the frequency among these four modes but the theory predicts that dephasing rates for overtones increase with the difference of quantum numbers. In addition, the numerical calculations show that the first overtone can be observed only when the displacement of the 135 cm Ϫ1 mode is larger than 1. This condition is contradictory to the requirement for fitting the absorption spectrum ͑see the Results͒. Even in the limiting case where ⌬ 135 ϭ1.9 and the vibrational dephasing time is set to zero, the calculated relative intensities of overtones to the fundamental around the center wavelength components are much less than the the experimental results. The assignment of these four frequencies being fundamentals resulting in small displacement for each mode happens to be self-consistent. The other ambiguity is that any two of the resolved frequencies might originate from a distorted vibrational mode upon excitation. Since the geometry and the dipole moment of the molecule has been found not to change significantly upon the excitation, 41 it is expected that the modes with vibrational frequencies larger than 700 cm Ϫ1 will not be distorted. Several combinations of any two low frequencies ͑р600 cm Ϫ1 ͒ for a distorted vibrational mode do not yield the spectral feature exhibited in Fig. 2 . The possibility of distorted modes is therefore ruled out. In the end, the calculation with the assumption that all frequencies are fundamental frequencies yields the best fit to the experimental data.
B. Electronic parameters
We have assumed that the electronic dephasing is in the Markovian limit characterized by an exponential decay and that there exists an inhomogeneous broadening in the 2 ps of observation. The electronic linebroadening functions can be investigated by other more sensitive techniques such as photon echoes. 15, 16, 42, 43 The present study has focused on obtaining the vibronic potential surfaces and employ the simplest electronic broadening functions in the calculations. A better approach to obtain both potential displacements and electronic line broadening functions will be to iterate the fitting of pump-probe and photon echo data.
C. The overdamped vibrational modes
The analysis of the 90 fs DPP spectra implies the existence of overdamped low frequency modes. HDITC consists of 69 atoms and 201 vibrational degrees of freedom. It is, therefore, not surprising that the overdamped low frequency modes contribute significantly to PP signals. Overdamped modes, of course, are not detectable as periodic modulations. They do, however, affect the Stokes shift, optical transitions, and the determination of 0-0 electronic energy. The parameters that describe the effective overdamped mode in the present case are determined by the Stokes shift, the fast exponential time constant and the corresponding amplitude, and the magnitude of the offset. Even in the case that solvent reorganization energy is large but the reorganization occurs at a rate that is slower than the relaxation of these overdamped modes, 44 they can still be estimated by analyzing the amplitude and time constant of the fast exponential decay and the magnitude of the offset in the femtosecond PP signals.
D. Vibronic dynamics
Martini and Hartland studied the dynamics of vibrational relaxation of HITC, which is very similar to HDITC. 13, 14 They pumped molecules at three high energy sites of 600, 650, and 700 nm and probed at 780 nm. At all pump wavelengths, similar features were observed. They assigned the fast exponential component (300Ϯ100 fs) to intramolecular relaxation, most likely to vibrational dephasing and energy randomization. The invariance of the slow time constant to the initial excess energy in the S 1 state was interpreted as resulting from slower energy relaxation near the bottom of the potential surface.
In the present case, the fast decay time constant of 400 fs is very similar but is clearly the result of fast population relaxation of the overdamped low frequency modes. The electronic potential energy surfaces of the chromophore are multidimensional in nature. The excess energy delivered by the pump is distributed among various vibrational degrees of freedom. Since the potential displacements along these coordinates are estimated to be small for HDITC, the FranckCondon factors for transitions to higher vibrational levels are actually negligible. Instead of being located on high energy levels of only a few number of vibrational modes, the excess energy is rather distributed broadly over low levels of many vibrational modes. While the overdamped modes appear to relax fast, the measured slow vibrational dephasing rates of high frequency modes imply that energy dissipation from these modes is slow. Considering our finding for HDITC, an experiment that probes the molecule at the red side of the absorption spectrum in the 8 ps time range as in Ref. 13, 14 would probably detect only the population relaxation of the low frequency modes while the population distribution on high frequency modes experience little or no changes. We believe that slow population relaxation in modes with higher frequency is the real bottleneck for energy relaxation in these chromophores. This interpretation clearly contrasts the findings by Martini and Hartland, who identified the bottleneck as slow energy relaxation at low excess energies.
VI. CONCLUSION
Wavelength-resolved pump-probe experiments with a time resolution of 11 fs were performed to characterize the ground and excited state vibrational structures of the cyanine dye HDITC in ethylene glycol solution. Fourier transformation and singular value decomposition identified 10 oscillatory components which were assigned to fundamental vibrational frequencies of the chromophore. The relative potential displacements associated with these modes were obtained by fitting linear electronic spectra, the wavelength dependence of the modulation depth, and the pulse-duration dependence of the PP transients.
The early fast decay of the PP signals were found to result from population relaxation among the overdamped modes of the chromophore, which were described phenomenally by an effective overdamped mode. The characteristic of the effective overdamped mode were determined by fitting the Stokes shift, the time constant, and the amplitude of the fast exponential decay component that contributed to the offset of the 90 fs PP spectra of 780-830 nm. The simulations imply that the overall Stokes shift is dominated by the energy relaxation of the overdamped modes.
